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ABSTRACT

Doppler scintillation measurements of a corona st earner lasting several solar rotations
have been conducted by Ulysses in 1991 over a heliocentric distance range of
14-77 1?2, By showing that the solar corona is filamentary, and that Doppler frequency is
the radio counterpart of white-light eclipse pictures processedto enhance spatial gradients,
it is demonstrated that Doppler scintillation measurements provide the high spatial
resolution that has long eluded white-light coronagraph measurements. The region of
enhanced scintillation, spanning an angular extent of 1.8° in heliographic longitude,
coincides with the radialy expanding streamer stalk, and represents filamentary structure
with scale sizes at |east as small as 340 km (0.5 arcsec) when extrapolated to the Sun.
Within the stalk of the streamer, the fine-scale structw ¢ corresponding to scale sizes in the
range of 20-340 km at the Sun and associated with closed magnetic fields, amounts to a
few percent of the rncan density, while outside the stalk, the fine.-scalc structure associated
with open ficlds is an order of magnitude lower. Clustering of filamentary structure that
takes place within the stalk of the streamer is suggestive of multiple current sheets.
Comparison with 1SEE-3 in situ plasma measurements shows that significant evolution duc
to dynamic interaction with increasing heliocentric distance takes place by the time

streamers reach Earth orbit.




1. INTRODUCTION

Coronal streamers, the most conspicuous large-scale quasi-stationary features of the
solar corona, have been extensively observed in white, - light mecasurements as well as
investigated theoretically (Koutchmy & Livshits 1992; Poletto 1994; Kopp 1994,
Guhathakurta & Fisher 1995). Rising above the neutral line that separates the large-scale
positive and negative polarity regions of the coronal magnetic ficld, streamers cxtend into
interplanctary space, appearing as densit y enhance.men(s near the heliospheric current sheet
at 1 AU (Gosling et a. 1981; Huddleston ct a. 1995).

Recent investigations based on Doppler scintillation measurements have shown that
enhancements in electron density fluctuations near the neutral line and hence the
heliospheric current sheet are the interplanetary manifestation of coronal streamers in the
vicinity of the Sun (Woo et a. 1994, 1995). The purpose of this paperisto use S- and X-
band (wavelengths of 13 and 3.6 cm) radio propagation measurements conducted by
Ulysses during its solar conjunction in 1991 (Bird et al. 1994) to show that (1) these
cnhanccments coincide with the stalks of corona strear ners as observed in solar eclipse
pictures when processed to enhance spatia gradients (Koutchmy 19/5), (2) the fluctuations
represent fine-scale filamentary structure, and (3) the filamentary structure undergoes

significant cvolut ion with increasing heliocentric distance by the t i me it reaches Earth orbit.

2. ULYSSES RADIO PROPAGA’I"10F! MEASUREMENTS

This paper is based on radio propagation measurements of ranging (time delay At) and

Doppler frequency. Ranging or time delay At observes path integrated electron density n
AT - Jn ds 1)
and Doppler frequency {1 the time derivative of path integrated densit y

fl) ~ SIJ‘I] ds (2)
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wheres is distance along the ray path. Doppler scintill dlien oy is the rms of Doppler
frequency fluctuations estimated for some time scale. For aspherically symmetric solar
wind, ranging essentially probes the mean density n (Bird et al. 1994), and Doppler
scintillation density fluctuations An (Woo 1978) near the closest approach of the radio path.

The Ulysses conjunction is wel]-suited for investigating coronal streamers, because it
took place at a time when the large-scale coronal magnetic field wasstable, and the tilt of
the heliospheric current sheet large enough that recurrent low-latitude coronal streamers
persisted over several solar rotations, thus permitting n wcasurements at varying heliocentric
distances. Onc of these streamers located ncar Carrington longitude 350° was identified in
the Ulysses S-band 5-hour ranging and ranging scintillation mcasurements (Woo et a.,
1995). First detected off the cast limb on DOY 228 (16 August 1991), this streamer was
seen again half asolar rotation later on DOY 240 (28 August 1991) when the Ulysses radio
path had crossed over to the west limb.

Shownin Fig. 1 arc the S-band measurements of this same strearner on DOY 228 and
240, consisting of 10-rein time delay At (Bird et al. 1994) and 3-min Doppler scintillation
oy based on 10-see Doppler data (Woo et al. 1985), and plotted over a period of 0.6 day
(14.4 hrs). Note that the time axes arc shown in reverse to coincide with solar synoptic
maps, for which increasing Barrington longitude usually runs froin left to right. Fractional
density fluctuation An/n is estimated once every 3 mins by converting Doppler scintillation
to ranging scintillation before dividing by the corresponding 10-min ranging measurement.
in the conversion, it is assumed that the electron density spectrum is power-law and
Kolmogorov (one-dimensional spectral index of 5/3). The results arc not sensitive to the
spectrum shape as they differ by only 16% over the range of observed spectral indices —
5/3to 1 (Woo and Armstrong 1979).

As found previously with 5-hr averages of ranging and ranging scintillation based on
10-min ranging measurements (Woo et al. 1995), enhancements in density n (A1), density

fluctuation An (op) and An/n arc the manifestation of the streamer crossing, but those of




An and An/n are strikingly higher than that of the mean or large-scale density. For
instance, in the case of DOY 240, n rises by afactor of two, while An and An/nrise by a
factor of about 50. in the enhanced region, An/n is as high as a few percent. The
boundaries of the enhanced regions of An and An/n ar¢ aso more abrapt than those of the
mean or large-scaic density, suggesting the separation of small-scale plasma of different
nature and origin.

At first glance, the abruptness of the path-integrated scintillation measurements
suggests temporal rather than spatial variation, but spatial variation isconfirmed by the
smilarity in the scintillation time series during successive solar rotations, as shown in Figs.
2b and 2c. These results show that the region of enhanced density fluctuations
corresponds to a flow t ube (or sheet since path-integrat ed measurements cannot distinguish
between flow tube and sheet) of angular extent 1.8° in heliographic longitude.

Furthermore, clustering of filamentary structure within this flow tube is evident, as there
appears to be as many as threc’smaller flow tubes that are not only long-lived but extend
from 14 to 77 R,. The 3-min sampling rate of" the Doppler scintillaion data indicates that
the filamentary structure extends to sizes as small as 340 km at the Sun (0.5 arcsec). The
flow tube’'s angular size as measured by the duration of the enhance.(i scintillation changes
little over this heliocentric distance range, indicating approximate radial expansion. When
extrapolated back to the Sun, the size of the largest flow tubeis 2 x 104 km (30 arcsec) and
that of the smaller onesis 7300 km (10 arcsec). The three inner t ubcs suggest three current
sheets that arc associated with twin- or three-wch helinet streamers (Crooker et al. 1993).

in situ plasma measurements near 0.3 AU by Helios, showing pressure.-balanceci structures
in the slow solar wind (Thieme et al. 1990), is also consistent with the filamentary structure

found near the Sun.




3. RELATIONSHIP OF RAD10 TO WHITE-LIGHT MEASUREMENTS

White-]ight pictures of streamersin the outer corona, like the ranging resultsin Fig. 1,
show density profiles that are relatively smooth, and exhibit relatively low contrasts
between the interior and exterior of the streamer. Thisis of course expected, as both white-
light and ranging observe path-integrated electron density. When the same white-light
pictures are processed to remove the radial dependence and enhance spatial gradients of the
corona, they reveal avariety of striking ray-like structures (Koutchmy ct a. 1975;
Guhathakurta and Fisher 1995). Parallels between Doppler scintillation and white-light
measurements arc clear as soon as it is realized that the density fluctuations observed by
Doppler scintilla ion represent filamentary structure. Variations in the | Yoppler scintillation
indeed become more evident once the dominant radial dependence is removed (Woo and
Garis 1993; Woo et al. 1994). However, they arc mo1 e abrupt and dramatic than the
ringing variations because, like the ray-like structure in the enhanced white-light pictures,
they arc the manifestation of the gradient in path-intcgr ated density. Since Doppler
frequency measures the time derivative of path-integrated density given by equation (2), for
filamentary structure, it is also measuring the spatial gradient related to the time derivative
through the Sun’ s rotation rate.

Examination of the Ulysses 1-sec dual-frequency 1Doppler time series (Woo et a. 1976)
shows density gradicnts of signs that arc alternating approximately continuously,
suggest ing that filamentary structure extends down to the smallest corresponding size of
3 x 10-3 arcsec (2 km) at the Sun. Recent interpretation of angular broadening
measurements that image the electron density irregularities in the plane of the sky confirms
filamentary structure at least as small as 1 km (W00 1995b). Thus, the ?-rein Doppler
scintillation measurements that arc based on 10-see Doppler samples correspond to the rms
of spatial gradients computed over a distance of 340 km at the Sun (0.5 arcsec) based on

measurements of the gradient every 20 km (3 x 10-2 arcsec).



The regions of enhanced Doppler scintillation, of roughly the same size ( 1-20),
obvioudly coincide with the stalks of the coronal streamers in eclipse pictures processed to
similarly reveal spatial gradients, These enhanced eclipse pictures show that the gradient of
onc boundary of the stalk is often greater than that of the other. A similar Situation is also
evident in Fig. 1 showing steeper gradients on the eastern and western boundaries of the
stalk on DOY 228 and DOY 240, respectively. Of course, it istheirhigh time resolution
that translates Doppler scintillation into high spatia resolution measurements, thereby
revealing fine-scale filamentary struct urc in the stalks 1ot observed in white-light
measurements. Recent results on velocity structure in the inner corona deduced from
mult iple-st ation intensity stint illation measurements over the strcanicr belt suggest that
these streamer stalks are most likely the sources of the slow solar wind (Woo 1995a).

Finally, whilelong-lived filamentary structure is observed inFig. 2, the resultsin
Fig. 1 show that considerable variation in both large- and small-scale structure of the
streamer can take place over aperiod of half a solar rotation. Amongst others, thereisa
shift of the steeper densit y gradient from the eastern t o western flank. Such temporal
changes arc also consistent with those of large-scale coronal streamer structure seen in

white-]ight mecasurements (Poland 1978).

4. EVO1.1JTION WITH Hill.10CIiNTRIC DISTANCE

For heliocentric distances beyond 77 R, only X-band mcasurements of the coronal
streamer at Barrington longitude 350° were available, and these are¢ shown in Figs. 2a and
2¢. Multiplication of the X-band measurements op by the factor (3/11)x v/2 converts them
to an approximate correspondence with the S-band nieasurements of Figs. 2b-2d.
Although the time seriesin Figs. 2aand 2¢ do not cover the full duration of streamer
passage, they nevertheless hint at erosion and expansion of the enhanced region of density
fluctuations with increasing heliocentric distance. A more complete. and representative

X-band profile near Earth orbit is that of another streamer near Cai ring ton longitude 190°
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displayed in Fig. 2f, showing that the region of enhanced density fluctuations has grown to
an angular width of about 8° near 1 AU. Insight into thie evolution of the Doppler
scintillation streamer signature is provided by results from a superposed epoch analysis of
heliospheric current sheet (HCS) crossings at 1 AU bawd on 1 -hr averages of S-rein field
and particle measurements by ISEE-3 (Huddlcston et al. 1995). The density fluctuation
results from this ISEE-3 study have been supcrimposed on the scintillation results in

Fig. 21, showing a remarkable consistency between the two measurements. This shows
that, as the fast wind runs into the slow wind, dynamic leading-e.dgc compression causes
broadening of the region of density fluctuations, particularly to the cast of the HCS. Thus,
densit y fluctuation enhancements associated with corot sting interaction regions formed
farther from the Sun are often difficult to distinguish fiom corona strcamers

(Ananthakrishnan et a. 1980; 1 louminer and Furguson1993).

5. DISCUSSION ANI) CONCLIJSIONS

The electron dengity irregularities investigated by 1oppler (or phase) scintillation
measurements near the Sun over the past two decades have been gencrally thought of as
turbulent in nature. That they represent filamentary stiacture instcad is somewhat
surprising. This new perspect ive, however, elucidates the parallcls bet ween Doppler
scintillation measurements and eclipse pictures that have been processed to enhance spatia
gradients, reinforces the observations of ray-like structures in the enhanced eclipse
pictures, explains the abrupt variations in Doppler scintillation that coincide with the stalks
of corong] streamers, and improves our understanding, of in situ plasma measurements of
the heliospheric current sheet at 1 AU. More important, Doppler stint i] lation measurements
offer the higher spatial resolution that has so far eluded corona] imaging (Koutchmy et a.
1994). Thisimproved resolution has revealed that the stalks of coronal streamers, which

arc most likely the sources of the slow solar wind, are permeated by fine-scale filamentary




structure. Although high spatial resolution is a consequence of the high time resolution, it
is the high sengitivity and wide dynamic range. of the Doppler measurements that have made
it possible to observe the fine-scale structure in and out of the streamer stalk. These are the
same features that have enabled Doppler scintillation n easurements to observe the solar
wind and its variations over a heliocentric distance range that spans from the vicinity of the
Sun to near Earth orbit (Woo 1978).

Small-scale coronal structure has received much attention lately (see e.g., Habbal
1992), The Ulysses Doppler scintillation measurements show that small-scale structure for
scale sizes in the range of 20-340 km amounts to only a few percentof the large-scale
density, even within the stalk of the streamer, whereit islargest. Still, the importance and
need for high spatial resolution measurements is poignantly demonstrated by the fact that
the range of variat ion of small-scale structure is far greater than that of thc\{‘l,largc— scale
density. Thus, within the stalk of the streamer, the structure associated with closed
magnetic fields is an order of magnitude larger than that outside the stalk associated with
open fields. Clustering of the filamentary structure within the streamer stalk is probably a
manifestation of multiple current sheets. With Yohkot: already providing X-my images
(Ogawara cl a. 1992; Strong et al. 1992) and SOHO soon to provide enhanced
spectroscopic and white-light imaging capabilities (sec €.9., Brueckner ct al. 1992),
probing small-scale corona structure with complementary Doppler scintillation
measurements by e.g., Galileo and 1CE (Woo 1994), opens up new and exciting
opportunities for improving our understanding of small-scale structure and its relationship
to solar and coronal features.
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FIGURE CAPTIONS
Figure 1. Profiles of At (-n) and op (-An) of coronal streamer near Carrington longitude
350°. For the sake of comparison, all plots cover 0.6 day. Figs.1aand 1 b took place on
the east limb, while Figs. 1c and 1 d on the west limb half a solar rotation later. Note that

the streamer shows considerable variation in structure over half a solar rotation,

Figure 2. Figs. 2a-2e are profiles of o}y (-An) of coronal streamer near Carrington
longitude 350° during successive solar rotations. Fig. 2f is of corona] streamer at
Barrington longitude 190°, For the sake of comparison, all plots cover 0.6 day. Except for
Figs.2b and 2c, no effort has been made to align the streamer enhancements. Figs. 2a-2c
arc cast limb, and Figs. 2d-2¢ are west limb observations. Day of year (IDOY) in Figs.
2a-2cisin1991while DOY in Fig. 2f isin 1992. Two regions of 1 ‘ig. 2b and 2c are
shaded to indicate filamentary structure lasting one solar rotation, Superimposed curvein
Fig. 2f represents density fluctuation results from superposed epoch analysis of
heliospheric current sheet crossing by Huddleston et al. (1 995). These results are

displayed relative to the current sheet crossing as indicated at the top of the plot.
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